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important	 for	 volcanic	 hazard	 assessments.	 Dome-forming	 rocks	 are	 persistently	27	




substantial	 dome	 collapses	 in	 recent	 years.	 Uniaxial	 compressive	 strength	 (UCS)	 was	32	
first	 tested	 at	 room	 temperature	 on	 as-collected	 samples	 and	 samples	 that	 had	33	
undergone	either	 slow	 (heated	and	 cooled	 at	1	 °C/min)	or	 shock	 (heated	at	1	 °C/min	34	
and	shock-cooled	in	cold	water)	thermal	stressing	to	target	temperatures	of	400-700	°C.	35	
Slow-	 and	 shock-cooling	 thermal	 stressing	 did	 not	 measurably	 alter	 the	 strength,	36	
connected	porosity,	 or	permeability.	UCS	 tests	performed	at	high	 in-situ	 temperatures	37	
(400-700	 °C),	 however,	 showed	 an	 increase	 in	 sample	 strength	 and	 stiffness.	 We	38	
interpret	 that	 the	 resistance	 of	 this	 rock	 to	 thermal	 stresses	 results	 from	 both	 the	39	
presence	of	abundant	pre-existing	microcracks	and	 the	 thermal	stability	of	 its	mineral	40	
assemblage.	 Unchanged	 physical	 properties	 for	 the	 thermally	 stressed	 samples	41	
deformed	 at	 room	 temperature	 suggests	 that	 the	 pre-existing	 microcracks	 close	 and	42	
reopen,	 respectively,	 as	 the	 rock	 expands	 and	 contracts	during	heating	 and	 cooling	 to	43	
accommodate	 the	 volumetric	 changes	 without	 further	microcracking.	 The	 increase	 in	44	
strength	 and	 stiffness	 at	 high	 in-situ	 temperatures	 can	 be	 explained	 by	 the	 closure	 of	45	
microcracks	due	to	thermal	expansion.	These	observations	suggest	that	the	strength	of	46	
microcracked	 dome	 rocks	 (1)	 may	 be	 slightly	 higher	 when	 hot	 (below	 the	 glass	47	
transition	 of	 the	 groundmass	 glass),	 although	 “upscaled”	 strength	 estimates	 highlight	48	
that	 dome	 strength	will	 be	 largely	unchanged	by	 an	 increase	 in	 temperature,	 (2)	may	49	
only	be	reduced	following	the	first	thermal	stressing	event,	and	(3)	may	not	be	further	50	
reduced	by	repeated	 thermal	stressing	events.	Therefore,	 thermal	perturbations,	often	51	







Lava	 dome	 collapses	 can	 result	 in	 potentially	 dangerous	 block-and-ash	 flow	59	
avalanches	and	trigger	explosive	volcanic	behaviour	(e.g.,	Cole	et	al.,	1998;	Calder	et	al.,	60	
2002;	Voight	et	al.,	2006;	Loughlin	et	al.,	2010).	The	structural	integrity	of	a	lava	dome	61	
therefore	 forms	 an	 important	 component	 of	 volcanic	 hazard	 assessment	 (e.g.,	 Sparks,	62	
1997;	Voight,	2000;	Voight	and	Elsworth,	2000;	James	and	Varley,	2012;	Ball	et	al.,	2013;	63	













hr	 thermal	 camera	 (see	 Hutchinson	 et	 al.	 (2013)	 for	 technical	 specifications).	 These	77	
images,	 which	 show	 a	 variety	 of	 slow-	 and	 fast-extruding	 lava	 (some	 of	 which	78	
overflowed	 to	 form	 a	 lava	 flow),	 highlight	 that	 the	 apparent	 temperature	 of	 exposed	79	
talus	 rocks	 can	 vary	 significantly	 in	 time	 and	 space	 (Figure	 1)	 and	 can	 reach	80	
temperatures	 of	 almost	 700	 °C	 (Figure	 1h).	 Although	 the	 highest	 temperature	 is	81	
associated	 with	 the	 highest	 effusion	 rate	 (Figure	 1h),	 no	 discernable	 trend	 exists	82	
between	maximum	temperature	and	effusion	rate	 for	the	examples	shown	in	Figure	1.	83	
Hutchinson	et	al.	(2013)	monitored	the	surface	temperature	of	the	talus	rocks	at	Volcán	84	
de	 Colima	 over	 a	 three-year	 period,	 from	 2007	 to	 2010.	 These	 data	 show	 that	 the	85	
surface	temperature	of	the	dome	top	was	reduced	from	~350	to	~200	°C	in	2007	as	the	86	
freshly	 exposed	 rocks	 cooled,	 after	 which	 the	 temperature	 fluctuated	 from	 ~150	 to	87	
~250	°C	until	mid-2009	when	it	increased	to	~300	°C	due	to	the	initiation	of	a	new	lobe;	88	
the	 maximum	 temperature	 of	 the	 lobe	 reached	 ~400	 °C	 (Hutchinson	 et	 al.,	 2013).	89	
Increases	and	decreases	in	temperature	are	known	to	result	in	thermal	microcracking	of	90	
rocks	 (e.g.,	 Fredrich	 and	Wong,	 1986;	Homand	and	Houpert,	 1989;	David	 et	 al.,	 1999;	91	
Browning	et	al.,	2016;	Griffiths	et	al.,	2018),	which	can	reduce	their	strength	(e.g.,	Kranz,	92	
1983;	David	 et	 al.,	 2012;	Griffiths	 et	 al.,	 2017).	 Further,	 experiments	 have	 also	 shown	93	
that	more	microcracks,	and	greater	changes	to	rock	physical	properties,	are	observed	at	94	










the	 other	 hand,	 the	 strength	 of	 high-porosity	 tuff	 was	 greatly	 reduced	 following	105	
exposure	to	high	temperature	(heated	up	to	1000	°C;	Heap	et	al.,	2012;	2018).	Further,	106	
the	studies	 listed	above	used	slow	heating/cooling	rates	 (1-4	°C/min)	 to	minimise	 the	107	
influence	of	microcracking	due	to	high	thermal	gradients.	However,	thermal	gradients	in	108	
volcanic	environments	are	expected	 to	greatly	exceed	 these	heating/cooling	rates.	For	109	





pronounced	 dry	 (November	 to	 May)	 and	 wet	 seasons	 (June	 to	 October).	 We	 provide	115	
here	 rainfall	 data	 (from	 January	 2001	 to	 December	 2003)	 obtained	 from	 permanent	116	
meteorological	monitoring	stations	that	form	part	of	the	CONAGUA	(Comisión	Nacional	117	
del	 Agua)	 network.	 The	 three	 closest	 stations	 were	 chosen,	 located	 in	 the	 towns	 of	118	
Cuauhtémoc,	Comala,	and	Minatitlán	(at	a	distance	of	19,	24,	and	47	km	from	the	vent	of	119	
the	volcano,	 respectively;	Figure	2a).	The	data	show	that	 there	 is	no	rainfall,	or	only	a	120	
few	mm	of	rain,	from	November	to	May,	and	that	there	is	often	several	hundred	mm	of	121	
rainfall	 per	month	 between	 June	 and	 October	 (Figure	 2b).	 In	 August	 2001	 there	was	122	
almost	500	mm	of	 rain	 in	 the	 town	of	Cuauhtémoc	(Figure	2b).	High	cooling	rates	are	123	
also	 experienced	 by	 dome	 rocks	 emplaced	 subaqueously,	 which	 are	 typically	 highly	124	
fractured	as	a	result	(e.g.,	Smellie	et	al.,	1998).	However,	few	experimental	studies	have	125	
used	 the	 high	 thermal	 gradients	 likely	 experienced	 by	 the	 talus	 rocks.	 Experimental	126	
studies	 designed	 to	 better	 understand	 the	 influence	 of	 shock-cooling	 on	 the	 physical	127	
properties	 of	 volcanic	 rocks	 have	 shown,	 for	 example,	 that	 the	 shock-cooling	128	
(quenching)	of	basalt	(from	Lyttelton	volcano,	New	Zealand)	in	water	resulted	in	higher	129	
values	 of	 porosity	 and	permeability	 compared	with	 those	 cooled	 slowly	 (Siratovich	 et	130	
al.,	2015).	Eggertsson	et	al.	 (2018)	 found	 that	 shock-cooling	only	affected	 the	physical	131	
properties	of	volcanic	rocks	from	Krafla	volcano	(Iceland)	if	they	were	originally	devoid	132	




al.,	 2014;	 Zhu	 et	 al.,	 2016;	 Zorn	 et	 al.,	 2018).	 At	 high	 in-situ	 temperatures	 (i.e.	137	




(e.g.,	 Duclos	 and	 Paquet,	 1991;	 Schaefer	 et	 al.,	 2015;	 Heap	 et	 al.,	 2017a;	 Coats	 et	 al.,	142	
2018).	 In	 the	 case	 of	 a	 basalt	 from	 Mount	 Etna	 (Italy),	 no	 strength	 changes	 were	143	
observed	up	to	900	°C,	but,	at	950	°C,	the	rock	was	stronger	and	Young’s	modulus	lower	144	
(Benson	et	al.,	2012).	A	recent	study	found	that	the	strength	and	Young’s	modulus	of	a	145	
basalt	 with	 a	 low	 fracture	 density	 from	 Selljavellir	 (Eyjafjallajökull	 volcano,	 Iceland)	146	
increased	 from	 ambient	 (room)	 temperature	 to	 900	 °C	 (Lamur	 et	 al.,	 2018).	 Despite	147	
these	 studies,	 most	 high-temperature	 deformation	 experiments	 on	 volcanic	 materials	148	
typically	target	temperatures	at	which	the	groundmass	glass	can	deform	viscously	(e.g.,	149	
Cordonnier	 et	 al.,	 2009;	 Lavallée	 et	 al.,	 2007;	 2013),	 experiments	 highly	 relevant	 to	150	
understand	the	conduit-dwelling	magma	and	the	viscous	core	of	a	lava	dome.	However,	151	
a	 paucity	 of	 data	 still	 exists	 for	 the	 strength	 of	 volcanic	 rock	 at	 temperatures	 more	152	
representative	of	the	cooler	talus	rocks	(<	700	°C).	Because	it	 is	the	cooled	talus	rocks	153	
that	are	able	to	construct	precarious	dome	structures,	such	as	lava	spines	(e.g.,	Watts	et	154	
al.,	 2002),	 the	 strength	 of	 the	 talus	 rocks	 is	 therefore	 an	 important	 factor	 in	 dictating	155	
their	collapse.	156	
To	 better	 understand	 the	 influence	 of	 high	 and	 fluctuating	 temperatures	157	
(increases	 in	 temperature	 due	 to	 the	 influx	 of	 hot	magma	 into	 the	 ductile	 core	 of	 the	158	
dome	and	the	migration	of	hot	fluids,	and	decreases	in	temperature	due	to,	for	example,	159	
rainfall)	 on	 a	 typical	 dome	 rock,	 we	 present	 herein	 a	 systematic	 laboratory	 study	 in	160	
which	we	first	measured	the	strength	of	an	andesite	from	Volcán	de	Colima	transiently	161	
exposed	to	high	temperatures	and	deformed	at	room	temperature	and	then	at	high	 in-162	
situ	 temperatures.	 Strength	 measurements	 are	 first	 performed	 on	 samples	 that	 have	163	
been	 thermally-stressed	 to	 different	 target	 temperatures	 (from	 400	 to	 700	 °C,	 a	164	
reasonable	 temperature	 range	 for	dome	 rocks;	 Figure	1)	 and	 cooled	 at	 different	 rates	165	
(slow-	 and	 shock-cooled).	 We	 then	 performed	 strength	 measurements	 at	 high	 in-situ	166	
temperatures	(from	400	to	700	°C).	Finally,	we	use	our	experimental	data	to	explore	the	167	




The	 rock	 chosen	 for	 this	 study	 was	 an	 andesite	 collected	 from	 the	 El	 Zarco	172	
ravine	on	the	south-eastern	flank	of	Volcán	de	Colima	(the	same	block	of	material	used	173	
in	Farquharson	et	al.,	2016a).	Its	precise	eruptive	origin	cannot	be	specified,	since	rather	174	
than	 being	 collected	 in-situ,	 it	 has	 been	 remobilised	 by	 pyroclastic	 density	 currents	175	
and/or	 lahars	within	 the	 ravine.	Volcán	de	Colima	 is	 an	active	 andesitic	 stratovolcano	176	
located	 at	 the	 western	 end	 of	 the	 Trans-Mexican	 Volcanic	 Belt,	 Mexico	 (Figure	 2a;	177	
Lavallée	 et	 al.,	 2012;	 Varley	 et	 al.,	 2018).	 Although	 our	 block	 was	 sourced	 from	 one	178	
particular	volcano,	we	consider	the	implications	presented	in	this	study	to	be	applicable	179	
to	active	and	frequently	collapsing	stratovolcanoes	worldwide.	Indeed,	rocks	with	very	180	










end	 faces	were	 flat	and	parallel.	Once	prepared,	 these	samples	were	washed	and	 then	191	
allowed	to	dry	 in	a	vacuum	oven	at	40	°C	 for	at	 least	48	h.	Their	connected	porosities	192	




undergone	 no	 laboratory	 thermal	 stressing:	 “as-collected”)	 were	 deformed	 in	 the	197	
uniaxial	“Schenk”	loadframe	at	the	University	of	Strasbourg	(see	Heap	et	al.	(2014)	for	a	198	
schematic	 of	 the	 experimental	 device).	 These	 samples	 were	 deformed	 at	 room	199	
temperature	 and	 at	 a	 constant	 strain	 rate	 of	 10-5	 s-1	 until	 macroscopic	 failure	 (i.e.	200	
following	 the	 stress	 drop	 associated	 with	 the	 formation	 of	 a	 system-lengthscale	201	
fracture).	 A	 lubricating	wax	was	 applied	 to	 the	 end-faces	 of	 the	 dry	 samples	 to	 avoid	202	
problems	 associated	 with	 the	 friction	 between	 the	 sample	 and	 the	 pistons.	 During	203	
deformation,	 axial	 displacement	 and	 axial	 load	were	measured	using	 a	 linear	 variable	204	
differential	transducer	(LVDT)	and	a	 load	cell,	respectively.	These	measurements	were	205	
converted	 to	 axial	 strain	 and	 axial	 stress	 using	 the	 sample	 dimensions.	 The	206	
displacement	measured	was	 corrected	 to	 subtract	 the	 displacement	 of	 the	 load	 chain.	207	
The	static	elastic	modulus	was	determined	for	each	experiment	from	the	elastic	portion	208	
of	the	stress-strain	curves.	209	
Sixteen	 samples	 were	 thermally	 stressed	 to	 target	 temperatures	 of	 400,	 500,	210	
600,	 or	 700	 °C	 at	 a	 constant	 heating	 rate	 of	 1	 °C/min	 (four	 samples	 per	 target	211	
temperature).	 Temperatures	 ≤	 700	 °C	 are	 considered	 here	 to	 be	 below	 the	 glass	212	
transition	 temperature	 of	 the	 groundmass	 glass	 (Lavallée	 et	 al.,	 2013;	 Heap	 et	 al.,	213	
2017a).	 The	 samples	 were	 left	 at	 the	 target	 temperature	 for	 two	 hours	 to	 ensure	214	
thermal	equilibrium.	Eight	of	 the	 samples	were	cooled	back	 to	 room	temperature	at	a	215	
cooling	rate	of	1	°C/min	and	the	other	eight	were	shock-cooled	by	placing	them	directly	216	




required	 for	 the	 thermal	 equilibration	 of	 a	 cylindrical	 core	 sample,	 we	measured	 the	221	
thermal	 diffusivity,	𝑑,	 of	 the	 studied	 andesite	 using	 the	 Hot	 Disk	 TPS	 500	 Thermal	222	
Constants	Analyser	at	 the	University	of	Strasbourg	(see	Heap	et	al.,	2018	for	details	of	223	
operational	 procedure).	 The	 time	 constant,	𝑡,	 required	 for	 the	 thermal	 equilibration	 is	224	
given	 by	𝑡 =  𝑟!/𝑑,	 where	𝑟	is	 the	 sample	 radius	 (1	 ×	 10-2	 m	 for	 our	 samples).	 The	225	
thermal	 diffusivity	 was	 measured	 to	 be	 0.67957	 ±	 0.026316	 mm2/s,	 yielding	 a	 time	226	
constant	of	about	150	s.	Therefore,	our	imposed	heating/cooling	rates	of	1	°C/min	and	227	
~100	°C/s	were,	respectively,	very	close	to	and	very	far	from	the	a	heating/cooling	rate	228	
that	 allows	 for	 complete	 thermal	 equilibration	 of	 the	 sample.	 The	 permeability	 of	 the	229	
sixteen	 thermally	 stressed	 samples	 was	 measured	 using	 a	 nitrogen	 gas	 benchtop	230	
permeameter	 at	 the	 University	 of	 Strasbourg	 (Farquharson	 et	 al.,	 2016b;	 Heap	 and	231	
Kennedy,	2016)	under	a	confining	pressure	of	1	MPa	(required	to	ensure	that	gas	does	232	
not	pass	between	the	sample	and	the	rubber	jacket).	Due	to	their	 low	permeability,	all	233	
samples	 were	 measured	 using	 the	 pulse-decay	 method	 (Brace	 et	 al.,	 1968).	 Prior	 to	234	
measurement,	 samples	 were	 left	 at	 1	 MPa	 for	 1	 hour	 to	 allow	 for	 microstructural	235	
equilibration.	 We	 also	 assessed	 the	 need	 for	 the	 Klinkenberg	 and	 Forchheimer	236	
corrections,	 which	 were	 applied	 on	 a	 case-by-case	 basis.	 For	 the	 samples	 measured	237	
herein,	 the	 Klinkenberg	 correction	 was	 required	 in	 each	 case.	 The	 pulse-decay	238	
procedure	 used	 here	 is	 outlined	 in	 detail	 in	Heap	 et	 al.	 (2017b).	 These	 samples	were	239	
then	deformed	uniaxially	 at	 a	 constant	 strain	 rate	of	10-5	 s-1	until	macroscopic	 failure,	240	
using	the	method	described	above.	241	
Eight	 high	 temperature	 uniaxial	 compressive	 strength	 tests	 were	 carried	 out	242	
using	 a	 100	 kN	 1362	 Instron	 uniaxial	 press	 (8862	 load	 frame)	 in	 the	 Experimental	243	
Volcanology	 and	 Geothermal	 Research	 Laboratory	 at	 the	 University	 of	 Liverpool	 (as	244	
described	in	Coats	et	al.,	2018).	The	press	is	equipped	with	a	three–zone,	split	cylinder	245	
furnace	 to	allow	experiments	 to	be	performed	at	high-temperature.	The	samples	were	246	
heated	 to	 the	 target	 temperature	 at	 a	 rate	 of	 1	 °C/min	 and	 were	 left	 at	 the	 target	247	
temperature	 for	 >	 1	 h	 to	 achieve	 thermal	 equilibrium	 with	 the	 pistons.	 The	 bottom	248	
piston	was	then	raised	such	that	both	pistons	were	in	contact	with	the	sample.	Once	the	249	
target	 temperature	 was	 reached	 and	 stabilised,	 the	 sample	 was	 deformed	 until	250	
macroscopic	 failure	 (set	 as	a	 stress	drop	exceeding	20%	of	 the	monitored	peak	 stress	251	
achieved).	 The	 samples	 were	 deformed	 at	 a	 constant	 strain	 rate	 of	 10-5	 s-1	 until	252	
macroscopic	failure	at	constant	 in-situ	 temperatures	of	400,	500,	600,	and	700	°C	(two	253	
samples	 per	 target	 temperature).	 The	 press	monitored	 the	 applied	 load	 (with	 a	 2527	254	
series	Dynacell	Load	cell	at	an	accuracy	better	than	0.25%	down	to	1%	of	the	load	cell	255	
full	scale)	and	piston	displacement	via	a	LVDT	within	the	electric	actuator,	which	were	256	
converted	 to	 axial	 stress	 and	 axial	 strain	 using	 the	 sample	 dimensions.	 All	 of	 the	257	
mechanical	 data	were	 corrected	 for	 the	 compliance	 of	 the	 setup	 at	 each	 temperature.	258	
The	static	elastic	modulus	was	determined	for	each	experiment	from	the	elastic	portion	259	
of	the	stress-strain	curves.	260	






mN	 and	monitoring	 length	 change	 at	 a	 spatial	 resolution	 of	 0.125	 nm;	 upon	 reaching	267	
temperature,	the	sample	was	left	to	dwell	for	1	h	before	cooling	at	the	same	rate.	Then	268	
the	 thermal	expansion	of	a	rock	sample	of	equal	dimension	(within	5%)	 to	 that	of	 the	269	
alumina	 standard	was	measured	 under	 the	 same	 thermal	 and	 load	 history.	 Following	270	
these	measurements,	 the	 baseline	 was	 subtracted	 from	 the	 sample	 run	 to	 obtain	 the	271	














Uniaxial	 compressive	 strength,	 static	 elastic	 modulus,	 and	 permeability	 are	286	
plotted	 as	 a	 function	 of	 thermal-stressing	 temperature	 in	 Figures	 5a,	 5b,	 and	 5c,	287	
respectively.	Each	plot	contains	as-collected	data	(white	circles),	as	well	as	data	for	the	288	
slow-cooled	 (grey	 circles)	 and	 shock-cooled	 (black	 circles)	 samples	 (data	 available	 in	289	
Table	 1).	 The	 data	 of	 Figure	 5	 show	 that	 slow-	 and	 shock-cooling	 did	 not	 change	 the	290	
uniaxial	compressive	strength,	elastic	modulus,	or	permeability	of	the	andesite.	We	also	291	
note	 that	 the	 change	 in	 the	 connected	 porosity	 of	 the	 samples	 following	 thermal-292	
stressing	(slow-	and	shock-cooled)	is	within	the	standard	deviation	of	the	measurement	293	
(Table	1).	294	
	 The	stress-strain	curves	 for	 the	samples	deformed	at	high	 in-situ	 temperatures	295	
are	shown	in	Figure	4d.	These	data	show	that	there	appears	to	be	an	increase	(of	about	296	









	 The	 results	 of	 our	 thermal	 expansivity	 measurement,	 axial	 strain	 and	 the	306	
thermal	expansion	coefficient,	are	plotted	as	a	function	of	temperature	in	Figure	7.	Our	307	
data	 show	 that	 axial	 strain	 increases	 (i.e.	 the	 sample	 is	 expanding)	 linearly	 with	308	
temperature,	up	to	a	value	of	~1	×	10-2	at	the	maximum	temperature	of	950	°C	(Figure	309	
7).	The	thermal	expansion	coefficient	does	not	vary	significantly	or	systematically	with	310	












Volcán	 de	 Colima	 are	 shown	 in	 Figure	 8.	 Given	 the	 sample-to-sample	 variability	 of	323	





and	 clinopyroxene	within	 a	microlitic	 groundmass)	 and	 (2)	 the	 presence	 of	 abundant	329	
pre-existing	 microcracks	 (Figure	 3b).	 First,	 the	 studied	 andesite	 (Figure	 3)	 does	 not	330	
contain	any	minerals	that	would	break	down	at	temperatures	<	700	°C,	such	as	clays	and	331	
zeolites	 (as	 confirmed	 by	 microstructural	 analyses	 and	 the	 absence	 of	 mass	 losses	332	
following	 exposure	 to	 high-temperature).	 Indeed,	 the	 weakening	 with	 increasing	333	
temperature	 observed	 in	 high-porosity	 tuffs,	 for	 example,	 was	 explained	 by	 the	334	
structural	 breakdown	 of	 clays	 and	 zeolites	 at	 high	 temperature	 (Heap	 et	 al.,	 2012;	335	
2018).	Second,	 the	nucleation	and	growth	of	 thermal	microcracks	 is	 linked	 to	stresses	336	
that	 arise	 as	 the	 minerals	 expand	 and	 contract	 as	 temperature	 is	 increased	 and	337	
decreased,	 respectively.	 Indeed,	 thermal	 microcracking	 in	 volcanic	 rocks	 has	 been	338	
interpreted	 to	 occur	 during	 heating	 and	 cooling	 (Heap	 et	 al.,	 2014;	 Browning	 et	 al.,	339	
2016).	We	suggest,	herein,	 that	pre-existing	microcracks	(Figure	3b)	close	and	reopen,	340	
respectively,	 as	 the	 rock	 expands	 and	 contracts	 during	 heating	 and	 cooling	 to	341	
accommodate	 volumetric	 changes	 without	 further	 microcracking	 (as	 surmised	342	
previously	by	Vinciguerra	et	al.,	2005;	Heap	et	al.,	2014;	Eggertsson	et	al.,	2018,	amongst	343	
others).	 This	 interpretation	 is	 supported	 by	 our	 thermal	 expansivity	 data	 (Figure	 7),	344	
which	not	only	show	that	the	studied	andesite	expands	with	increasing	temperature	(it	345	
is	interpreted	here	that	this	expansion	can	close	compliant	microcracks;	e.g.,	Richter	and	346	
Simmons,	 1974),	 but	 also	 that	 the	 thermal	 expansivity	 coefficient	 remains	 roughly	347	
constant;	 substantial	 decreases	 to	 this	 coefficient	 are	 expected	 if	 thermal	microcracks	348	
are	 forming	 (Cooper	 and	 Simmons,	 1977).	 Our	 observations	 are	 therefore	 consistent	349	







Our	 experimental	 data	 show	 that	 high	 in-situ	 temperatures	 increased	 the	357	
uniaxial	compressive	strength	and	stiffness	(i.e.,	elastic	modulus)	of	the	studied	andesite	358	
(Table	 2;	 Figures	 6	 and	 8),	 in	 line	 with	 the	 experimental	 observations	 of	 Duclos	 and	359	
Paquet	(1991),	Schaefer	et	al.	 (2015),	Heap	et	al.	 (2017a),	and	Coats	et	al.	 (2018).	The	360	
increase	 in	 sample	 strength	 and	 stiffness	 with	 temperature	 is	 explained	 here	 by	 the	361	
closing/narrowing	 of	 microcracks	 due	 to	 the	 thermal	 expansion	 of	 the	 mineral	362	
constituents,	 a	 hypothesis	 supported	 by	 our	 thermal	 expansivity	 data	 (Figure	 7).	 An	363	
increase	 in	 the	number	 and/or	 aperture	 of	microcracks	 is	well	 known	 to	 reduce	 rock	364	
strength	 and	 stiffness	 (e.g.,	 David	 et	 al.,	 2012;	 Griffiths	 et	 al.,	 2017).	 We	 consider	365	
microcrack	healing	unlikely	because	 (1)	 the	 target	 temperature	was	always	below	 the	366	





The	 overall	 strength	 of	 a	 lava	 dome	 (i.e.,	 a	 rock	 mass)	 is	 governed	 by	 the	372	
strength	of	the	dome-forming	materials	and	the	structure	(fracture	density	and	fracture	373	
quality)	of	the	dome	(e.g.,	Hoek	et	al.,	2002).	Due	to	the	small	size	of	our	experimental	374	
samples	 (below	 the	 lengthscale	 of	 the	 macrofracture	 spacing)	 we	 therefore	 provide	375	
measurements	 of	 the	 strength	 of	 the	 dome-forming	 blocks	 (i.e.	 the	 “intact”	 strength).	376	
Laboratory	 measurements	 of	 strength	 are	 a	 vital	 ingredient	 in	 volcanic	 rock	 mass	377	
strength	 assessments	 designed	 to	 assess	 volcanic	 hazards	 (e.g.,	 Watters	 et	 al.,	 2000;	378	
Thomas	 and	 Petford,	 2004;	 Apuani	 et	 al.,	 2005;	 del	 Potro	 and	 Hürlimann,	 2008).	379	
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	392	
where	D	is	a	unitless	disturbance	factor	related	to	blasting	damage	in	large	excavations	393	
(we	 therefore	 let	 D	 =	 0	 in	 our	 analysis;	 we	 provide	 the	 full	 equation	 here	 for	394	
completeness)	and	GSI	 is	 the	Geological	Strength	Index,	a	unitless	value	that	describes	395	
the	rock	mass	characteristics	(Marinos	et	al.,	2005).	The	GSI	is	a	number	from	0	to	100,	396	






et	 al.,	 2016b;	Kendrick	 et	 al.,	 2016).	 In	our	 analysis,	we	will	 let	GSI	=	50.	The	unitless	403	
constant	𝑚! 	describes	the	shape	of	the	failure	envelope	on	a	graph	of	𝜎!	as	a	function	of	404	





130	 MPa	 to	 represent	 the	 strength	 (i.e.	𝐶!)	 of	 the	 talus	 rocks	 at	 20	 and	 700	 °C,	410	
respectively	(Tables	1	and	2),	we	arrive	at	upscaled	dome	strengths	of	6.6	and	7.8	MPa,	411	
respectively.	 Although	 these	 estimates	 assume	 a	 single	 rock	 type	 and	 that	 the	412	
underlying	viscous	core	does	not	influence	dome	strength,	our	simple	analysis	suggests	413	
that	 the	 strength	 of	 a	 lava	 dome	 is	 largely	 governed	by	 its	 structure	 or	 physical	 state	414	
(fracture	 density	 and	 fracture	 surface	 condition),	 rather	 than	 the	 strength	 of	 the	415	
individual	blocks.	We	conclude	that,	although	temperature	increases	the	strength	of	the	416	
talus	 rocks	on	 the	 sample	 lengthscale	 (Figure	6a),	 an	 increase	 in	 temperature	will	not	417	
significantly	 change	 the	 strength	of	 a	 lava	dome	on	 the	 rock	mass	 scale.	However,	we	418	
also	 note	 that	 the	 thermal	 expansion	 of	 the	 rocks	 forming	 the	 talus	 could	 result	 in	419	
instability.	For	example,	Mueller	et	al.	(2013)	show	that	rockfall	volume	correlates	well	420	
with	 the	 surface	 temperature	 of	 the	 freshly	 exposed	 dome	 surface,	 highlighting	 that	421	
larger	thermal	perturbations	could	be	responsible	for	dislodging	larger	dome	blocks.		422	




of	 the	 dome	 rock	 (Figure	 5),	 although	 dome	 instability	 in	 this	 scenario	 will	 be	much	427	
more	 dependent	 on	 pore	 pressure	 build-up	 between	 dome	 fractures	 (i.e.	 between	428	
individual	blocks)	 (Elsworth	et	al.,	2004).	Based	on	our	experimental	observations	we	429	
conclude	 that	 thermal	 perturbations,	 often	 observed	 at	 active	 domes	 (Figure	 1),	 may	430	
not,	as	perhaps	expected,	repeatedly	degrade	the	strength	of	individual	blocks	forming	431	
the	lava	dome	and	therefore	jeopardise	dome	stability.		432	
The	 thermal	 resilience	of	 the	dome	rock	studied	herein	 is	 likely	due	 to	 (1)	 the	433	
pre-existing	 microcrack	 population:	 dome	 rocks	 with	 lower	 microcrack	 densities	 or	434	
different	microstructures	may	be	 affected	differently	 (at	 least	during	 the	 first	 thermal	435	
perturbation)	 (see	 Heap	 et	 al.	 (2014)	 and	 Eggertsson	 et	 al.	 (2018)	 for	 further	436	
discussion)	and	(2)	due	to	the	thermal	stability	of	 its	mineral	phases:	dome	rocks	that	437	
are	 heavily	 altered	 by	 hydrothermal	 processes	may	 contain	 carbonates,	 clays,	 and/or	438	
zeolites,	 for	 example,	 that	 will	 devolatilise	 at	 high	 temperature	 thereby	 increasing	439	
porosity	 and	 potentially	 decreasing	 dome	 strength.	 Finally,	 although	 we	 flag	 the	440	





exposure	 to	 temperatures	 up	 to	 900	 °C.	 A	 complete	 understanding	 of	 thermal	446	







	 The	 rocks	 forming	 a	 lava	 dome	 are	 persistently	 challenged	 by	 temperature	454	
perturbations	 that	 could	 influence	 their	 strength	 and	 affect	 dome	 stability.	 Our	455	




highlight	 that	dome	strength	will	be	 largely	unchanged	by	an	 increase	 in	 temperature.	460	
We	interpret	these	experimental	observations	as	a	result	of	the	(1)	thermal	stability	of	461	
the	 mineral	 assemblage	 at	 the	 examined	 temperature	 range	 (<700	 °C)	 and	 (2)	 the	462	
presence	 of	 abundant	 pre-existing	 microcracks	 that	 accommodate	 (by	 closing	 and	463	
opening)	 volume	 changes	 during	 heating	 and	 cooling.	 We	 conclude	 that	 thermal	464	
perturbations,	often	observed	at	active	domes,	may	not	repeatedly	degrade	the	strength	465	
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revitalised	 dome	 growth	 with	 higher	 effusion	 rate.	 (d)	 16	 December	 2014	 –	 post-769	
subsidence	growth	of	 a	new	 lobe.	 (e)	07	 June	2015	–	dome	growth	 from	 two	effusion	770	
centres.	 (f)	 03	August	 2015	 –	 post-eruption	 emplacement	 of	 a	 new	 lava	 dome.	 (g)	 12	771	




a	map	 of	 Mexico	 showing	 the	 location	 of	 Volcán	 de	 Colima	 (the	 red	 triangle)	 and	 an	776	
image	showing	the	ancestral	collapse	structure	at	Volcán	de	Colima	(Google	Earth).	(b)	777	
Rainfall	 data	 (from	 January	 2001	 to	 December	 2003)	 obtained	 from	 permanent	778	
meteorological	monitoring	stations	that	form	part	of	the	CONAGUA	(Comisión	Nacional	779	
del	Agua)	network.	Three	stations	were	chosen:	the	towns	of	Cuauhtémoc,	Comala,	and	780	




Figure	 3.	 Backscattered	 scanning	 electron	 microscope	 (BSE)	 images	 of	 the	 andesite	785	






Figure	 4.	 (a)	 Stress-strain	 curves	 for	 three	 as-collected	 samples	 with	 different	792	
porosities	(the	porosity	of	the	sample	is	indicated	next	to	each	curve).	(b)	Stress-strain	793	





Figure	 5.	 Physical	 property	 measurements	 on	 as-collected,	 slow-,	 and	 shock-cooled	799	
samples	of	andesite.	(a)	Uniaxial	compressive	strength	as	a	function	of	thermal-stressing	800	
temperature.	 (b)	 Elastic	 modulus	 as	 a	 function	 of	 thermal-stressing	 temperature.	 (c)	801	
Permeability	as	a	function	of	thermal-stressing	temperature.	The	permeability	of	the	as-802	







Figure	 7.	Axial	 strain	 (black	 line)	 and	 thermal	 expansivity	 coefficient	 (grey	 line)	 as	 a	810	
function	of	temperature	for	the	andesite	studied,	as	measured	by	a	Netzsch	TMA	402	F1	811	




Figure	 8.	 Uniaxial	 compressive	 strength	 as	 a	 function	 of	 connected	 porosity	 for	816	
andesites	 from	 Volcán	 de	 Colima.	 As-collected	 data	 from	 this	 study	 and	 Heap	 et	 al.	817	
(2014;	 2015),	 slow-cooled	 (400-700	 °C)	 data	 from	 this	 study	 and	 Heap	 et	 al.	 (2014),	818	
shock-cooled	 (400-700	 °C)	 and	 high	 in-situ	 temperature	 (400-700	 °C)	 data	 and	 from	819	
this	study.	The	data	unique	to	this	study	are	available	in	Tables	1	and	2.	 	820	































EZ-1	 0.078	 -	 -	 -	 -	 114.1	 18.5	
EZ-2	 0.077	 -	 -	 -	 -	 120.2	 19.3	
EZ-3	 0.081	 -	 -	 -	 -	 100.2	 16.9	
EZ-4	 0.076	 400	 shock	 0.077	 2.66	×	10-16	 111.9	 17.2	
EZ-7	 0.079	 400	 shock	 0.085	 2.18	×	10-16	 109.0	 18.7	
EZ-14	 0.072	 400	 slow	 0.091	 1.51	×	10-16	 130.4	 19.5	
EZ-15	 0.079	 400	 slow	 0.067	 1.85	×	10-16	 108.0	 18.0	
EZ-8	 0.080	 500	 shock	 0.082	 1.91	×	10-16	 119.6	 19.7	
EZ-9	 0.074	 500	 shock	 0.076	 2.32	×	10-16	 119.4	 19.8	
EZ-16	 0.079	 500	 slow	 0.081	 1.88	×	10-16	 121.1	 19.6	
EZ-17	 0.075	 500	 slow	 0.077	 2.18	×	10-16	 112.2	 20.2	
EZ-10	 0.087	 600	 shock	 0.074	 5.10	×	10-16	 88.5	 17.0	
EZ-11	 0.067	 600	 shock	 0.076	 2.46	×	10-16	 129.7	 20.0	
EZ-12	 0.078	 600	 slow	 0.078	 2.33	×	10-16	 111.6	 19.4	
EZ-13	 0.077	 600	 slow	 0.078	 2.39	×	10-16	 120.4	 20.4	
EZ-5	 0.077	 700	 shock	 0.079	 3.15	×	10-16	 116.6	 17.7	
EZ-6	 0.070	 700	 shock	 0.073	 1.64	×	10-16	 127.1	 19.7	
EZ-18	 0.076	 700	 slow	 0.074	 2.61	×	10-16	 122.0	 20.5	













EZ-22	 0.078	 400	 114.9	 26.6	
EZ-23	 0.079	 400	 124.9	 23.9	
EZ-24	 0.077	 500	 137.2	 30.2	
EZ-25	 0.076	 500	 123.2	 27.5	
EZ-26	 0.069	 600	 151.6	 31.7	
EZ-27	 0.070	 600	 154.8	 33.2	
EZ-28	 0.068	 600	 126.6	 32.0	
EZ-21	 0.075	 700	 130.6	 30.1	
EZ-29	 0.071	 700	 135.7	 35.2	
	828	
